Abstract -For obtaining accurate and reliable gene expression results it is essential that quantitative realtime RT-PCR (qRT-PCR) data are normalized with appropriate reference genes. The current exponential increase in postgenomic studies on the honey bee, Apis mellifera, makes the standardization of qRT-PCR results an important task for ongoing community efforts. For this aim we selected four candidate reference genes (actin, ribosomal protein 49, elongation factor 1-alpha, tbp-association factor) and used three software-based approaches (geNorm, BestKeeper and NormFinder) to evaluate the suitability of these genes as endogenous controls. Their expression was examined during honey bee development, in different tissues, and after juvenile hormone exposure. Furthermore, the importance of choosing an appropriate reference gene was investigated for two developmentally regulated target genes. The results led us to consider all four candidate genes as suitable genes for normalization in A. mellifera. However, each condition evaluated in this study revealed a specific set of genes as the most appropriated ones.
INTRODUCTION
The advent of real-time quantitative RT-PCR technology (qRT-PCR) has dramatically changed the field of gene expression analysis. It is the most sensitive and reproducible quantitative method for gene expression analysis and is now commonly used to evaluate RT-PCR data Huggett et al., 2005) . For data analysis, target gene ex-pression is normalized with reference genes also known as housekeeping genes (Bustin, 2002) . Reference genes should show similar mRNA levels at different stages of development of an organism or in different tissues, and they should not vary in abundance in response to environmental factors or bioassay treatments. Many genes involved in basic and ubiquitous cellular functions, such as β-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal 18S (18S ) are frequently being used as reference genes in different organisms as they are supposed to have a uniform expression. However, several reports have indicated that differences in expression levels of such reference genes may exist under different experimental conditions (Shimokawa et al., 1998; Thellin et al., 1999; Suzuki et al., 2000; Lee, 2002) , making their use in global gene expression studies problematic. Software-based approaches, such as geNorm (Vandesompele et al., 2002) , Bestkeeper (Pfaffl et al., 2004) and NormFinder (Andersen et al., 2004) , have been developed as a rational approach to determine the bestsuited genes for normalization from a panel of candidate genes in a given set of biological samples.
The honey bee Apis mellifera is a highly social insect and represents a key model for social behavior studies. Since it is also the first hymenopteran insect to have its genome fully sequenced (The Honey Bee Genome Sequencing Consortium, 2006) , gene expression analyses are now a major aspect of community efforts, allowing insights into molecular mechanisms in this social insect based on candidate gene analyses. Information on putative functions of these genes can be obtained from their expression profile in development, different tissues, or experimental conditions. In addition to candidate gene approaches, the available honey bee genomic database has also supported the development and exploration of non-hypothesis driven high-throughput gene expression data, resulting from suppression subtractive hybridization protocols and microarrays (Evans and Wheeler, 2000; Whitfield et al., 2003; Judice et al., 2006) . Most of the currently published gene expression studies on honey bees, e.g. Kucharski and Malezka (2005) , Lourenço et al. (2005) , Evans (2006) , Wheeler et al. (2006) , Yamazaki et al. (2006) , employed reference genes by inference on their suitability obtained in other organisms, but with an expected increase in the number of qRT-PCR-based transcriptome studies, a rational optimization approach to the selection and standardization of reference genes is now an important requirement.
In this study, we report quantitative analyses of the expression of four commonly used reference genes, TATA box binding protein association factor (tbp-af ), actin (act), translation elongation factor 1 (ef1-alpha) and ribosomal protein 49 (rp49) to identify the most suitable reference gene(s) for expression analysis in honey bee. Stability of their expression was investigated throughout postembryonic development, in several tissues of newly emerged queens, and in worker larvae following juvenile hormone treatment. We also analyzed the normalization effect of the use each of the four reference genes on calculated expression levels of two developmentally regulated target genes, a juvenile hormone esterase-like (jhe-like) and prophenoloxidase (proPO).
MATERIALS AND METHODS

Biological samples
Queens and workers of Africanized honey bees, Apis mellifera L., were collected from hives of the Experimental Apiary of the Department of Genetics, University of São Paulo, Ribeirão Preto, Brazil. Standard apicultural techniques were used to rear queens by grafting first instar female larvae to queen cells. For representation of postembryonic gene expression profiles we choose three larval and two pupal stages: second instar larvae (L2), fourth instar larvae (L4), fifth instar larvae at the feeding phase (F3), early prepupae (PP1), pink-eyed pupae (Pp) and brown-eyed pupae with medium pigmented cuticle (Pbm). Two or four undissected individuals of each stage were pooled into each sample and were homogenized in TRIzol reagent (Invitrogen) and frozen at -80
• C until RNA extraction. Pools of brain, ovary, fat body and hemocytes samples were obtained from 10 newly emerged queens. Tissues were dissected in 0.9% saline solution, extensively washed in the same solution and incubated in TRIzol Reagent. For hemocyte extraction we punctured the abdominal intersegmental membrane and collected hemolymph using a 10 μL microcapillary tube. After hemolymph centrifugation (800 g for 5 min) the supernatant was removed and TRIzol was added to the hemocyte pellet.
In order to test the effect of hormonal manipulation on the expression profiles of the four candidate reference genes we removed early spinning-stage worker larvae (L5S) from their brood cells and separated them into two groups, one receiving a topical application of 10 μg juvenile hormone III (JH-III, Fluka) diluted in 1 μL acetone, and the other 1 μL of acetone. Larvae were maintained in an incubator 374 A.P. Lourenço et al. at 34
• C and 80% relative humidity for 24 hours. After that, they were homogenized individually in TRIzol reagent. To evaluate whether the hormone treatment was effective, jhe-like mRNA levels were tested in the samples used in this work. Transcript levels of jhe-like have previously been shown to be upregulated in JH III treated samples (Mackert et al., 2008) .
Total RNA extraction and cDNA synthesis
Total RNA was extracted using a TRIzol protocol (Invitrogen). The RNA extracts were incubated in the presence of DNAse I (Promega) for 30 min at 37
• C to eliminate contaminating DNA. The RNA concentration of each RNA sample was measured in triplicate using a GeneQuant spectrophotometer (Pharmacia). Purity of the total RNA extracted was determined as the 260 nm/280 nm ratio with expected values between 1.8 and 2. RNA integrity was determined by denaturing agarose gel (1.2%) electrophoresis and ethidium bromide staining. For cDNA synthesis the amount of total RNA was standardized to 1 μg. First-strand cDNA was synthesized in triplicate by reverse transcription catalyzed by SuperScript II reverse transcriptase (Invitrogen) and an oligo (dT) 12−18 primer.
Primer design
Primers for quantitative real-time RT-PCR (qRT-PCR) analysis were designed using the Primer3 program (Rozen and Skaletsky, 2000) . The rp49 primers were designed to span an intron to enable detection of genomic DNA contamination. In case of genomic contamination, the rp49 primers would have amplified a 240 bp fragment in addition to the expected 150 bp cDNA fragment. Using a generic dye such as SYBR green, different PCR amplicons and/or nonspecific amplification products could accurately be distinguished by analysis of the respective DNA melting/dissociation curves. This method can be used to differentiate amplification products that differ by less than 2
• C in their melting temperatures (Ririe et al., 1997) . Two target genes were also included in the analysis: one coding for a juvenile hormone esterase-like carboxylesterase (jhe-like; GenBank accession number AY647436) and the other coding for prophenoloxidase (proPO; GenBank accession number AY242387) (Lourenço et al., 2005) . These two genes were used to compare the effects of normalization by the four candidate reference genes on calculated expression levels of target genes. Primer sequences and gene characteristics are summarized in Table I .
Cloning and sequencing
Fourth instar larval cDNA was used as template in the PCR amplifications performed under the following conditions: 2 min at 94
• C followed by 25 cycles of 30 s at 94
• C, 30 s at 60
• C (except for tbp-af, 63
• C), 30 s at 72
• C and a final extension step for 7 min at 72
• C. To ensure amplification specificity, the respective PCR-products were analyzed in 1% agarose gels, purified, and subcloned into pGEM-T Easy Vector (Promega). These plasmids were used to chemically transform competent Escherichia coli DH5α. After cloning, plasmids containing the inserts were submitted to sequencing reactions using Big-dye terminator v3.0 Cycle Sequencing Ready Reaction with M13 forward and M13 reverse universal primers, followed by product analysis on an ABI Prism 310 Genetic Analyzer (Applied Biosystems).
Real-time PCR assays
Expression analyses were performed in two steps with reverse transcription (as described above) followed by specific real-time PCR using SYBR GREEN methodology. Each sample was analyzed in duplicate in a total reaction of 25 μL, containing 10 ρmol of each primer, 1X SYBR Green (Applied Biosystems) and 1 μL of diluted cDNA (cDNA was diluted 1:10 in water) synthesized from a standardized amount of total RNA. Reactions were performed on an ABI Prism 7500 thermocycler (Applied Biosystems) using the following cycling conditions: 50
• C for 2 min, 95
• C for 10 min and 40 cycles at 95
• C for 15 s and 60
• C or 63
• C (tbp-af ) for 1 min. For each experiment, a nontemplate reaction was included as negative control. The specificity of the PCR products was verified by melting curve analysis for all samples and was subsequently checked electrophoretically for each primer pair.
Threshold cycle (Ct) values were determined at the same fluorescence threshold line for each gene and the Ct value for each sample was obtained by calculating the arithmetic mean of two Table I . Description of primer sequences and genes used for qRT-PCR assays. values. In some analyses, Ct values were transformed into quantity values using the comparative Ct method provided by Applied Biosystems (user bulletin #2). Standard curves were prepared using four points with progressive quantities of plasmid DNA (5 × 10 −1 to 5 × 10 −4 ηg) containing one of the six genes (tbp-af, actin, ef1-alpha, rp49, jhe-like or proPO) as insert. They were previously cloned into pGEM-T Easy Vector as described above. PCR efficiency (E) values were calculated for each gene from the given slope after running standard curves and the following formula E = 10 −1/slope .
Data analysis
Statistical analyses were performed with SigmaStat (version 3.1) and corresponding graphs were generated with Origin (version 6.0). To calculate the stability of candidate reference genes the softwares BestKeeper c (version 1; Pfaffl et al., 2004) , geNorm TM (version 3.4; Vandesompele et al., 2002) , and NormFinder c (version 0.953; Andersen et al., 2004) were used. These freely available software packages are Visual Basic Application tools for Microsoft Excel .
BestKeeper uses raw data (Ct values) and PCR efficiency (E) to determine the best-suited standards and combines them into an index. The software computes descriptive statistics of all derived Ct values for each reference gene: the geometric mean, arithmetic mean, minimal and maximal value, standard deviation, and coefficient of variance. The descriptive statistics includes the x-fold over or under-expression of individual samples compared to the geometric mean Ct, and the multiple factor of their minimal and maximal values expressed as the x-fold ratio and its respective standard deviation. These x-fold expression results are corrected via the PCR efficiency. x-fold values are used to analyze sample integrity trough an intrinsic variation (InVar) calculation of expression for a single sample. Samples showing 3-fold over or underexpression are removed from the analysis. High x-fold values are due to inefficient sample preparation, incomplete reverse transcription or sample degradation. The stability of reference gene expression is based on the calculated variations as standard deviation (SD) and coefficient of variance (CV). An SD higher than 1 can be considered as inconsistent and it is recommended to exclude the gene from the calculation of the Bestkeeper index. Reference genes can be ordered from the most stable, exhibiting the lowest variation, to the least stable, exhibiting the highest variation.
The geNorm program calculates a gene stability measure (M value) for a putative reference gene based on the geometric mean of all studied genes. It relies on the principle that the expression ratio of two ideal internal control genes is identical in all samples, regardless of experimental conditions or cell type. It assumes that two genes that show the best correlation in their expression levels are the most appropriate ones and that a normalization factor can be calculated from these genes. Genes with the lowest M values are considered the most stable in expression. In our study, raw Ct values were transformed to quantities using the comparative Ct method, where the highest relative quantities (lowest Ct) for each gene were set to 1. These linear scale data were used as input data, according to geNorm requirements.
NormFinder calculates a stability value from a set of candidate reference genes. As input, it uses the same transformed data as geNorm. NormFinder calculates a stability value from a panel of candidate genes and it organizes them into different subgroups. This approach combines the intragroup and intergroup expression variation to a stability index that enables the ranking of genes by expression stability. A low numerical value for the stability index corresponds to a high stability in gene expression.
RESULTS
Primer optimization and amplification specificity
Primers were designed to amplify four commonly used reference genes (act, rp49, ef1-alpha, tbp-af ) and two target genes (jhelike and proPO) (see Tab. I for primers names, symbols and function). Experimental conditions that generated a sharp peak in dissociation analysis and did not present unspecific amplification fragments or primer-dimers were selected. The analysis of melting temperatures, amplicon sizes and sequencing data demonstrated the specificity of the PCR reactions. The efficiency values obtained from the real-time PCR amplification of the four reference genes ranged from 1.89 to 2.14, and for the two target genes, jhe-like and proPO, the values were 2.21 and 2.36, respectively. Box plot comparison of threshold cycles (Ct) for the four reference genes for samples of different stages in postembryonic development of honey bee workers. P value is given for each one of the four reference genes (One-Way ANOVA; Post-hoc: Holm-Sidak). Stages: second instar larvae (L2), fourth instar larvae (L4), fifth instar larvae in the feeding phase (F3), prepupa (PP1), pink-eyed pupae (Pp) and browneyed pupae with medium pigmented cuticle (Pbm). : represents mean value; * 1st percentile, and 99th percentile.
Sample quality
RNA integrity was confirmed by agarose gel electrophoresis, showing intense ribosomal RNA bands with a total absence of smears (see Online material Fig. 1 ). Sample integrity was also comfirmed using all reference genes through an intrinsic variance (InVar) of expression for each single sample (BestKeeper; Pfaffl et al., 2004) . The InVAr of the investigated samples had low Ct variation as well as an appropriate x-fold level, indicating a very good sample integrity. A removal is recommended in case of an over 3-fold over or underexpression (Pfaffl et al., 2004) . In our assays, none of the samples had an x-fold more than 1.01 (see Online material Tab. I). To ensure absence of genomic contamination we analyzed the rp49 dissociation curve of each sample, making sure that alls showed only a single peak at 76
• C (see Online material Fig. 2 ) corresponding to the expected fragment.
Transcription profiles of reference genes during worker development
RNA transcript levels of the four candidate reference genes were assessed at five representative stages of honey bee development: an early larval instar (L2), a critical period for caste differentiation (L4 to F3), an early metamorphosis stage (PP1), and two pupal stages, the first being an early one (Pp) and the second a late one (Pbm). The distribution of Ct values for each reference gene examined in samples of these developmental stages showed significant variation for act, ef1-alpha and tbp-af, but not for rp49 (One-Way ANOVA, P > 0.1; Fig. 1 ).
Subsequent analyses were performed using the three software programs. At a first analysis of the data based on the inspection of raw Ct values, BestKeeper revealed an overall stability in gene expression with Ct values varying from 14.79 to 20.67 (Tab. II). Since all tested reference genes exhibit a standard deviation (SD) value less than 1, none of these can be considered as inconsistent, and, therefore, none had to be excluded (Pfaffl et al., 2001 ). Based on SD of the Ct values, rp49 and actin were the most stable expressed genes throughout honey bee development (Tab. II). The analyses conducted with geNorm ranked the reference genes according to the determined control gene stability measure (M) from the most stable (lowest M value) to the least stable one (highest M value): actin/tbp-af -rp49 -ef1-alpha (Tab. III). All these genes reached high expression stability with low M values. These were less than 0.8 (Tab. III) and, thus, below the limit of M = 1.5 (Vandesompele et al., 2002) . Using NormFinder, the ranking of the reference genes was the same for BestKeeper, except for the positions of tbp-af and actin, which are inverted (Tab. III).
Transcription profiles of reference genes in different tissues
Comparing samples of tissues (fat body, ovary, brain, hemocytes) of newly-emerged queens, the candidate reference genes showed Ct values between 22.27 and 17.35 (Fig. 2 , Tab. II). Transcript levels for all genes varied significantly among the different tissues (Fig. 2) . Furthermore, whereas BestKeeper showed that rp49 has the lowest expression variation from all candidate genes (Tabs. II and III), geNorm (Tab. III) and NormFinder revealed actin and ef1-alpha as the two best suitable reference genes (Tab. III). However, the SD calculated by BestKeeper for all the reference genes tested in this study revelead low values, indicating that all genes are equally suited as reference genes (Tab. II). Moreover, the average M values returned by geNorm analysis showed high expression stability for all reference genes (Tab. III).
Effect of JH-III treatment on transcription profiles of reference genes
Experimental treatment on the expression of the four candidate genes was evaluated in worker larvae 24 hours after these had received 1 μg JH-III. None of the four reference genes showed any significant change in expression level in consequence of this hormone application ( Fig. 3 ; t-test, P > 0.1). Even though there was no significant variation in reference gene expression between control and hormone treated samples, we analyzed all data using the three software program. BestKeeper and geNorm confirmed the very high expression stability for all of the analyzed Table III Relative quantification (log scale) of two developmentally regulated genes in worker larvae and pupae. Expression levels of each of the two genes were calculated separately for each of the four reference gene. (A) Expression levels of a honey bee juvenile hormone esterase (jhe-like) and (B) of a prophenoloxidase (proPO). Each point in the graph represents the mean±S.E of three samples. Stages: second instar larva (L2), fourth instar larva (L4), fifth instar larva in the feeding phase (F3), prepupa (PP1), pink-eyed pupa (Pp) and brown-eyed pupa with medium pigmented cuticle (Pbm).
reference genes (Tabs. II and III). According to BestKeeper, the lowest variation in Ct values was observed for tbp-af and ef1-alpha (Tabs. II and III). These two genes were also considered the best suitable ones by geNorm (Tab. III). NormFinder considered actin as the most stable gene, with ef1-alpha and tbp-af being the third and fourth best gene, respectively (Tab. III).
Effect of reference gene choice on target gene analysis
Since ideal reference genes do not exist, variation in transcript levels under specific conditions can markedly affect interpretations of target gene expression levels. We investigated the effects of reference gene choice on two genes, jhe-like (Mackert et al., 2008) and proPO (Lourenço et al., 2005 ) (Tab. I), both of which are modulated in their expression during honey bee development.
Real-time PCR data obtained for jhe-like and proPO were normalized by each of the four reference genes. The relative quantification for jhe-like expression showed a slight variation in the L2, L4, F3, PP1 and Pbm stages (One-Way ANOVA, P 0.01) mostly because of ef1-alpha and rp49 normalization 382 A.P. Lourenço et al. ( Fig. 4A ). For proPO, relative quantifications varied for L2, PP1, Pp and Pbm (One-Way ANOVA, P 0.01) when the normalization was performed with actin, rp49 and ef1-alpha (Fig. 4B) . Normalization using ef1-alpha presented the largest variation for both target genes. This reference gene was, therefore, considered the least stable one for all types of analyses (Tab. III). However, the variation among the samples using all four references genes for normalization was rather small and did not drastically change the target gene expression profiles.
DISCUSSION
The importance of reference genes and the need to validate them for each experimental system has already been stressed in several publications (Bustin, 2002; Vandesompele et al., 2002) . For this end, several qRT-PCR approaches for normalization have been developed using different statistical models (Vandesompele et al., 2002; Andersen et al., 2004; Pfaffl et al., 2004; Szabo et al., 2004; de Kok et al., 2005; Silver et al., 2006) .
Herein, we attempted to identify the bestsuited reference genes to be used in qRT-PCR in analyses with samples from developmental stages, different tissues and after hormone treatment assays in the honey bee, Apis mellifera. As far as we know, this is the first systematic study comparing different candidate reference genes for qRT-PCR in honey bees. In previous qRT-PCR studies on this species, reference genes have been selected based on consensus and experience in other organisms, such as ribosomal protein S5-rpS5 (Evans, 2004; Zou et al., 2006) , ef1-alpha (Yamazaki et al., 2006) , rp49 (Grozinger et al., 2003; Corona et al., 2007) , and actin (Lourenço et al., 2005; Bitondi et al., 2006) . In a systematic approach to find the best-suited reference genes for qRT-PCR in honey bees, we analyzed the behavior of four candidate reference genes (act, rp49, ef1-alpha and tbp-af) by statistical analyses of variation in different biological conditions and entered these data into three established software programs for reference gene selection, geNorm, BestKeeper and NormFinder. Even though there were slight differences in variation for the four reference genes, they showed very stable expression according to BestKeeper and geNorm. Probably as an outcome of this relative stability there was no consensus by the three software programs in ranking them in order of expression stability.
The analyses for postembryonic development revealed that the most stable genes are actin and tbp-af according to geNorm, and are ranked as the second most stable genes by BestKeeper and NormFinder, respectively. Our results are in accordance with reference gene analyses in mouse embryos, which also identified tbp and actb as the most stable ones (Willems et al., 2006) , but also in this case, their stability depended on the experimental approach, since actb was considered as an unsuitable reference gene in several other cell types or species (Schmittgen and Zakrajsek, 2000; de Kok et al., 2005) . In our study, rp49 is also indicated as the best reference gene for this set of samples according to BestKeeper and Normfinder. Furthermore, the statistical analysis showed that rp49 is the only gene among all candidates for which changes in expression levels were not significant (P = 0.131). Yet, in spite of these differences in reference gene ranking, all four reference genes consistently showed the highest mRNA levels in the F3 stage (Fig. 1) . The regulation of these genes during development, thus appears to occur in a coordinate manner and is probably related to physiological differences among the larval and pupal stages. These are stages of marked change in behavior (feeding, spinning) and in physiological processes related to molting, metamorphosis and melanization.
Similar differences in reference gene ranking were observed in tissue comparisons and in larvae that were experimentally treated with JH-III. According to geNorm, actin/ef1-alpha are the best genes to be used in tissue sample comparisons, whereas according to BestKeeper and NormFinder the best are rp49 and ef1-alpha, respectively. Comparing the different tissues, all genes varied significantly (Fig. 2) . Nevertheless BestKeeper and geNorm confirmed all of the candidate reference genes as stably expressed.
When considering the samples treated with JH-III, the most stable genes were ef1-alpha/tbp-af (geNorm), tbp-af (BestKeeper) and actin (NormFinder), respectively. However, there was no significant difference in mRNA levels for all reference genes between control (acetone) and JH-III treated workers (Fig. 3) , indicating that all genes tested in this study can be used as reference genes to compare control and JH-III treated bees. Juvenile hormone as well as ecdysteroid titers are critical factors for caste development and metamorphosis in the last larval instar of the honey bee. Juvenile hormone, which is of prime importance for the control of caste development, shows a caste-specific peak in fourth and early fifth instar queen larvae (Rachinsky et al., 1990) .
We also showed the importance of testing candidate reference genes during honey bee development. The expression of two very different target genes, jhe-like and proPO, showed that normalization with an inappropriate reference gene can have an impact on quantitative expression analyses, especially in samples with low mRNA levels. Table III gives a combined overview on reference gene ranking in each of the programs tested in this study. Taken together, the results showed that there is no best universal reference gene for qRT-PCR studies with honey bees. For instance, rp49 was identified as the most stable reference gene for developmental studies, but it turned out to be the least stable one for JH treatment assays. As a way out of this dilemma, Vandesompele et al. (2002) suggested that normalization should be based on more than one reference gene to achieve accuracy and statistical power. Following this general suggestion, and in spite of the fact that all four genes tested in this study were objectively suitable to be used as reference genes, we elected actin, tbp-af and rp49 as the most reliable ones for comparisons when investigating gene expression in developmental stages. For tissues samples, we suggest to use actin, ef1-alpha and tbp-af for adequate normalization. Even though there was no difference in reference gene expression data when comparing JH treated with control bees, actin, ef1-alpha and tbp-af were most frequently scored as the most stably expressed, reference genes (Tab. III).
In conclusion, we tested the suitability of four reference genes with three commonly used analysis programs and confirmed that all four candidate reference genes are suitable for normalization in the honey bees samples studied. We propose to use at least two genes out of this set of four depending on the question or context to be investigated. Such choice should result in accurate and reliable normalization of qRT-PCR results for gene expression studies in honey bees under a variety of conditions.
